The tyrP gene of Escherichia coli K-12, which codes for the tyrosine-specific permease, is transcriptionally regulated by the TyrR protein (27) . In tyrR ϩ strains, its expression is repressed by tyrosine and activated by phenylalanine (15, 37) . Previous genetic and biochemical studies have identified two adjacent binding sites for the TyrR protein in the regulatory region of tyrP (3, 15) . These sites, referred to as TyrR boxes, contain imperfect palindromes related to the sequence TGTAAAN 6 T TTACA (Fig. 1A) . Seventeen of these TyrR boxes have been identified in the regulatory regions of the genes of the TyrR regulon (27) and are shown in Fig. 1B . On the basis of the degree of similarity of each box with the consensus palindromic sequence and the binding affinity of TyrR protein for each of the boxes, they have been classified as either strong or weak. In the case of tyrP, the strong box lies upstream, just outside the RNA polymerase-binding region, whereas the adjacent weak box overlaps the Ϫ35 region of the tyrP promoter. Tyrosinemediated repression has been shown to involve cooperative binding of TyrR molecules to the strong and weak boxes, which are required to be on the same face of the DNA helix (2) . This has subsequently been shown to involve the hexamerization of the TyrR protein in the presence of both tyrosine and ATP (38) . Phenylalanine-mediated activation requires only a single functional strong box upstream of the promoter. The position of this box is important for activation (2) , which involves interaction between the TyrR protein and the ␣ subunit of the RNA polymerase (17) .
The TyrR polypeptide contains 513 amino acid residues (40) , which appear to comprise two structural domains and a less structured carboxyl terminus (11) . The carboxyl-terminal region of the TyrR protein contains a sequence of amino acids (from residues 483 to 502) which resembles a typical helixturn-helix (HTH) DNA-binding motif (Fig. 1C) (7, 13, 31) . Mutational studies and negative dominance tests have confirmed the importance of residues of the second ␣-helix for both TyrR-mediated repression and activation (40) . So far, attempts to determine the crystal structure of TyrR protein have not been successful. In the absence of such information, it is nevertheless possible to identify key features of the specific interactions between TyrR protein and DNA targets by in vitro binding studies and different genetic approaches.
In this paper, we report in vitro studies in which methylation of purines, substitution of uracil for thymines, and ethylation of phosphates are examined for their effects on the binding of TyrR protein. In addition, we have used site-directed mutagenesis to construct all possible symmetrical substitutions in the palindromic arms of the strong TyrR box of tyrP and have carried out alanine scanning experiments to analyze the importance of amino acid residues in helices 1 and 2 of the putative DNA-binding motif.
MATERIALS AND METHODS
Bacterial strains, plasmids, and bacteriophages. All bacterial strains used in this study were derivatives of E. coli K-12, and their relevant characteristics are shown in Table 1 . The plasmids and bacteriophages used are also shown in Table 1 .
Media and chemicals. The minimal medium used was prepared from the 56/2 buffer of Monod et al. (23) and supplemented with 0.2% glucose and appropriate growth factors. The concentrations of various growth factors and antibiotics and the sources of various chemicals used in this study were as described previously (40) .
Synthesis of a 151-bp BamHI-HindIII fragment of the tyrP operator by PCR.
The 151-bp BamHI-HindIII fragment containing the tyrP operator was generated by PCR using mpMU330 as a template. This PCR fragment was cloned into M13mp19, in which its sequence was verified. Following the insertion of the BamHI-HindIII fragment into pUC19, the resulting construct was used in the methylation and ethylation interference experiments.
Methylation interference. The pUC19 derivative containing the 151-bp BamHI-HindIII tyrP fragment was digested with BamHI (or HindIII) and then labeled by using Klenow fragment in the presence of [␣- [␣- 32 P]dATP). Following ethanol precipitation, the second digestion was done with HindIII (or BamHI). After gel purification, the end-labeled DNA (ϳ2 ϫ 10 6 cpm) was resuspended in 50 mM sodium cacodylate (pH 8.0)-1 mM EDTA (pH 8.0)-10 mM MgCl 2 and modified by the addition of dimethyl sulfate and incubation at 20ЊC for 10 min. The modified DNA samples were precipitated twice with ethanol, washed, and dried. The mobility gel shift assay was carried out by incubating the modified DNA (ϳ10 5 cpm) with TyrR protein in a buffer containing 5 mM Tris-HCl (pH 7.6), 80 mM KCl, 8 mM MgCl 2 , 1 mM dithiothreitol, 0.2 mM ATP, 1 mM tyrosine, and 4% (vol/vol) glycerol for 20 min at 37ЊC. The concentration of TyrR protein was determined empirically such that the amounts of bound and unbound fractions of modified DNA were approximately equal. Following the incubation, the mixture was loaded on a preelectrophoresed 5% polyacrylamide gel and electrophoresed in 50 mM Tris-borate (pH 7.0)-1 mM MgCl 2 -0.2 mM ATP-1 mM tyrosine at 4ЊC. The gel was autoradiographed for 2 h at 4ЊC, and bound and unbound DNA fractions were eluted from the gel by a gel eluter (The Australian Chromatography Company-Hoefer). The pellets of both bound and unbound DNA were obtained by ethanol precipitation. Finally, the G or AϾG base cleavage reactions were carried out as described by Maxam and Gilbert (19) . The products were electrophoresed on a 6% denaturing polyacrylamide sequencing gel against a GϩA ladder.
Uracil substitution. The analysis for contacts with the 5-methyl group of thymine was based on the method described by Pu and Struhl (29) . To replace the thymine randomly by deoxyuracil, PCR amplification was performed with mpMU330, which contains the tyrP regulatory region, as a template and two oligonucleotides which hybridize the regions flanking the tyrP regulatory region as primers. The PCR mixture contained 20 pmol of ␥-32 P-end-labeled forward primer (or 20 pmol of ␥-32 P-end-labeled reverse primer) and 20 pmol of reverse primer (or 20 pmol forward primer), 0.2 pmol of mpMU330 DNA template, 0.2 mM each dATP, dCTP, dGTP, and dTTP, 0.05 mM dUTP, 15% glycerol, and 2 U of Taq polymerase in a total volume of 50 l. The PCR buffer contained 100 mM Tris-Cl (pH 8.2), 500 mM KCl, and 0.1% gelatin. Amplification was carried out for 15 cycles at 94ЊC for 1 min, 47ЊC for 2 min, and 72ЊC for 2 min. The PCR product was purified on a 5% polyacrylamide gel and precipitated by ethanol. The mobility gel shift assay was then performed on the uracil-substituted DNA exactly as described for the methylation interference experiment. The bound and unbound fractions were subjected to uracil-N-glycosylase treatment at 37ЊC for 60 min and cleavage by 1 M piperidine. The resultant DNA fragments were electrophoresed as described above.
Ethylation interference. The experiment was based on the protocol described by Heuer and Hillen (14) . The end labeling of DNA fragments containing the tyrP regulatory region was done as described above for the methylation interference experiment. About 2 ϫ 10 6 cpm of 3Ј-end-labeled DNA was modified by N-ethylnitrosourea (saturated in 95% ethanol; Sigma) in a buffer containing 50 mM sodium cacodylate (pH 8.0) and 1 mM EDTA (pH 8.0). Following incubation at 50ЊC for 60 min, the ethylated DNA was precipitated with ethanol. A mobility gel shift assay as described for the methylation interference experiment was carried out to separate the protein-DNA complex and free DNA. The bound and unbound DNA fragments were recovered from the gel and resuspended separately in 30 l of a buffer containing 10 mM sodium phosphate (pH 7.0) and 1 mM EDTA. Following addition of 5 l of 1 M NaOH, the reaction mixtures were incubated at 90ЊC for 30 min, after which the reactions were stopped by addition of 5 l of 1 M HCl. The DNA was precipitated with ethanol and then electrophoresed on a 6% denaturing polyacrylamide gel. The autoradiogram was quantified with a Molecular Dynamics scanning densitometer.
Site-directed mutagenesis. In vitro mutagenesis was performed on mpMU330 containing the tyrP promoter-operator region by the method of Vandeyar et al. (35) , using a commercially available kit from United State Biochemical Corp. Following the isolation of desired mutations, each tyrP fragment was sequenced to ensure that only the desired change was present.
The construction of alanine substitutions in the HTH motif of TyrR was carried out as described by Yang et al. (40) .
␤-Galactosidase assay. ␤-Galactosidase activity of mid-log-phase cultures was assayed as described by Miller (21) . The data are the means of three independent assays.
RESULTS AND DISCUSSION
Determination of guanine contacts in the major groove. Dimethyl sulfate can methylate the N7 group of guanine and the N3 group of adenine, although the rate of methylation is slightly higher for guanine than for adenine. The N7 of guanine is located in the major groove of the DNA double helix, whereas the N3 of adenine is exposed in the minor groove. To assess the role of the individual guanine residues (in the major groove) and the adenine residues (in the minor groove) in the specific interaction between the tyrP operator and the TyrR protein, we performed experiments in which the methylation of the DNA was tested for its effects on the binding of TyrR protein (for details, see Materials and Methods).
As shown in Fig. 2A , methylation of the guanine residues, on the top strand, at positions Ϫ8 of both the strong and weak TyrR boxes causes strong interference with binding. Bands corresponding to these two positions are relatively intense in the unbound DNA fraction but are completely depleted in the bound DNA fraction. On the bottom strand, we also observe strong interference at guanines ϩ8 of both TyrR boxes and guanine Ϫ4 of the weak TyrR box (Fig. 2B) . Methylation of the guanine residue at position Ϫ5 of the strong box causes a weak interference, as the band from the unbound fraction is slightly denser than that from the bound fraction (Fig. 2B) . Similar experiments using alkaline cleavage were performed to analyze methylation at both guanine and adenine residues (the AϾG reaction). The interference results are essentially the same as those observed with piperidine cleavage, indicating that none of the adenine residues is in close contact with the DNA, via the minor groove (data not shown).
Determination of thymine contacts in the major groove. Thymine bases can interact with proteins via their methyl groups. By substituting uracil for thymine, this contact point is removed. The effects of such substitutions on the binding of TyrR protein were examined in the same general way as described for methylation.
The uracil interference experiment was carried out as described in Materials and Methods, and the results are shown in Fig. 3 . Inspection of the gels reveals that the intensities of the bands representing fragments cleaved at positions Ϫ7 and ϩ5 of both the strong and weak TyrR boxes in the top strand are increased in the unbound fraction and decreased in the bound fraction (Fig. 3A) . This finding indicates that substitution of uracil at these positions weakens the binding of TyrR protein.
With reference to the bottom strand, although the effects are weaker, possible interactions are seen at positions ϩ7 of both the strong and weak TyrR boxes and position Ϫ5 of the weak box (Fig. 3B) .
To highlight these interference effects on the bottom strand, we compared a bound track from an experiment with low ratios of TyrR protein to DNA which produces one part bound DNA to two parts unbound with an unbound track from an experiment where the ratio is such that there are two parts bound to one part unbound. Figure 3C shows that the specific effects at positions ϩ7 and Ϫ5 are more evident; in addition, a very weak interference can be seen at position ϩ9 in the bottom strand of the strong box.
Determination of phosphate backbone contacts by TyrR. Ethylation interference was used to identify the region where the phosphate backbone makes close contacts with the TyrR protein. The experiment was performed as described in Materials and Methods, and the samples were analyzed on a sequencing gel. The autoradiogram of the sequencing gel and the densitometric scan of that gel are shown in Fig. 4 .
A smear between bands in the bound and unbound lanes of both top and bottom strands (Fig. 4) is generated as a result of the N-ethylnitrosourea reacting with the oxygen atoms of thymine, guanine, or cytosine in addition to the phosphate backbone (34) . Examination of the gels reveals some regions that show an enhanced intensity of bands in the unbound fraction. In the top strand, ethylation of phosphates 5Ј to positions Ϫ8, 
Ϫ9
, and Ϫ10 and positions ϩ1, ϩ2, and ϩ3 of the strong box and positions Ϫ8, Ϫ9, and Ϫ10 of the weak box clearly result in the enhancement of fragments in the unbound fraction. In the bottom strand, ethylation of phosphates 5Ј to positions ϩ8, ϩ9, and ϩ10 in both the strong and weak boxes shows the same strong positive interference in TyrR binding. Additional but weaker regions showing ethylation interference are in the top strand, 5Ј to positions ϩ3 and ϩ4 of the weak box, and in the bottom strand, 5Ј to positions Ϫ3 and Ϫ4 in the weak box and Ϫ2 and Ϫ3 in the strong box. Some unexplained observations are regions of apparent enrichment of fragments in the bound fraction caused by ethylation of phosphates in the top strand of the weak box, 5Ј to positions Ϫ1, Ϫ2, and ϩ1 and positions ϩ6, ϩ7, and ϩ8.
As has been reported for other systems such as TetR, GalR, and 434 repressor (8, 14, 18) , phosphate contacts flank each recognition sequence of operators. Our ethylation interference results confirm the prediction that the recognition sequence for the TyrR protein is 5ЈTGTAAA3Ј. The weakness of the interference effects seen near the center of the palindrome compared with those seen in other systems may reflect some additional structural changes in the case of TyrR-tyrP interactions. This may be brought about by the complexity of the cooperative binding involving adjacent strong and weak TyrR boxes, which do not behave in exactly the same way (2) .
Determination of the affinity of TyrR protein for the tyrP symmetrical mutants. To understand the role played by various base pairs of the strong TyrR box of the tyrP operator in specific interactions with TyrR protein and to examine the degree of tolerance to base changes at each of these positions, we used site-directed mutagenesis to construct a complete set of symmetrical mutations involving single-base-pair changes in each of the palindromic arms of the strong box. Although there have been many separate reports of base changes which interfere with the functions of different TyrR boxes (3, 5, 9, 12, 15, 30, 41) , there has not been any systematic study of the importance of each of the bases for TyrR binding. To measure the binding affinities of these operator variants in vivo, the mutagenized DNA fragments were cloned separately into plasmid pMU2385 to form tyrP-lacZ transcriptional fusions. The resulting plasmids were then introduced individually into strains JP4822 (tyr366), JP3561 (haploid tyrR ϩ ), and JP4822/pMU3325 (a multicopy plasmid carrying the tyrR ϩ gene). The cells were grown under repressing conditions, and ␤-galactosidase activities were assayed. The results are shown in Table 2 , and the repressibility of each tyrP operator variant is represented as a repression ratio where the ␤-galactosidase value in the tyrR genetic background (tyr366) is divided by that in the tyrR ϩ genetic background (either haploid or multicopy tyrR ϩ ). The nomenclature that we have adopted to describe the various mutants of the strong box of tyrP is as follows: the two letters in the first pair of parentheses denote the base pair in the left arm of the palindrome, and the two letters in the second pair of parentheses describe the symmetrical base pair in the right arm of the palindrome; the number that follows indicates the position. For example, (G ⅐ C)(C ⅐ G)8 denotes the G ⅐ C base pair in the left arm at position Ϫ8 and the C ⅐ G base pair in the right arm at ϩ8. The first letter of each hydrogen-bonded pair indicates the base in the top strand.
On the basis of these results, it is possible to identify "nonpermissible" symmetrical bases in the arms of the strong TyrR box of tyrP, i.e., the symmetrical base pair substitutions which are impaired in repression. Inspection of all of the natural TyrR boxes (Fig. 1B) reveals that none of them contains such nonpermissible symmetrical bases. The specific effects pro- duced by mutations are shown in Table 2 (iv) Position 6. Although (A ⅐ T)(T ⅐ A)6 is well conserved among the TyrR boxes, substitution by (T ⅐ A)(A ⅐ T) reduces repression only by about half, and substitution by (C ⅐ G) (G ⅐ C) results in increased repression. However, substitution by (G ⅐ C)(C ⅐ G) at this position is not tolerated, as it almost completely destroys repression. This latter substitution would create the sequence TGTG, which in the cyclic AMP receptor protein site has been associated with DNA bending (32) , and this might account for its dramatic effects.
(v) Position 5. Although (A ⅐ T)(T ⅐ A)5 is well conserved in TyrR boxes, the left arm of the strong box contains a C ⅐ G substitution at this position. Changing this to the consensus (A ⅐ T)(T ⅐ A)5 barely alters repression, and changing it to the symmetrical (C ⅐ G)(G ⅐ C)5 causes increased repression. Substituting a (T ⅐ A)(A ⅐ T)5 results in only a slight decrease in repression, whereas again, substitution by (G ⅐ C)(C ⅐ G)5 almost completely destroys repression. In this case, such a substitution does not create a TGTG sequence as before. Uracil interference experiments indicate that thymines at position ϩ5 in the top strand and Ϫ5 in the bottom strand play a significant role in protein-DNA interactions. Bailey et al. also have reported that thymine at ϩ5 in the top strand of the TyrR box of the tyrR gene is important for TyrR protein-DNA interaction (4). The finding that the (C ⅐ G)(G ⅐ C)5 substitution results in stronger binding even though the methyl group of thymine is no longer available to interact with the protein may imply that a new and additional hydrogen bond can be formed with the protein by the (C ⅐ G)(G ⅐ C) pair. The guanine residue which occurs at position Ϫ5 in the bottom strand of the strong box gives only a very weak interaction in the methylation interference test.
(vi) Position 4. (A ⅐ T)(T ⅐ A)4 is well conserved in the strong boxes of the TyrR regulon, and the T ⅐ A base pair at position ϩ4 is moderately well conserved in the weak boxes (five of seven). However, the A ⅐ T base pair at Ϫ4 is poorly conserved in the weak boxes (two of seven). The thymines at position 4 did not show any uracil interference, and the mutational studies produced unusual results. Substitution of (A ⅐ T)(T ⅐ A) by any other symmetrical base pairs at this position reduces repression to about one-third, but repression was restored to 50% or more if the levels of TyrR protein were increased. If the base pairs at position 4 form specific bonds with the TyrR protein, these bonds would appear not to be essential but to contribute to the overall affinity between the protein and the DNA.
Alanine scanning mutagenesis of the HTH region of TyrR protein. A putative DNA-binding domain with the characteristics of a classical HTH motif has been identified in the carboxyl-terminal region of the TyrR protein, and the activities of a number of mutants with amino acid changes in this region have been described (40) . To investigate the contributions that the various side chains of these amino acids make to protein structure or to protein-DNA interactions, we used site-directed mutagenesis to change each of the amino acids in helix 1 and helix 2 to alanine (Materials and Methods). These various tyrR alleles were then introduced into a tyrR366 strain on plasmid pMU6218, and the effectiveness of the mutant proteins as repressors was measured by using tyrP-lacZ and aroFlacZ as reporters. The results are shown in Table 3 . The alanine substitutions at positions 484, 489, 494, 500, and 501 had a major effect on repression, and the alanine substitutions at positions 483, 485, 486, 490, 495, 497, 499, and 502 had a lesser but significant effect on repression. By analogy with other well- characterized regulatory proteins which contain an HTH motif (13, 26) , T483, R484, H494, T495, N499, and R502 are predicted to face the DNA helix, and it is therefore plausible to assume that the side chains of these amino acids are directly involved in interaction with DNA. Other amino acids, namely, K485, L486, L490, I497, K500, and L501, which are predicted to face away from the helix, may play a role in maintaining the structure of the HTH DNA-binding motif. Among all of the amino acids, only the side chain of K488 appears to play no role in either DNA binding or protein structure. The side chains of R484 and H494 clearly play a critical role in binding of the TyrR protein to DNA.
If the amino acids of the TyrR protein HTH are substituted for the equivalent amino acids of Cro repressor or catabolite gene activator protein (CAP) by using the published coordinates (22, 36) , it is possible to produce a hypothetical representation of the TyrR protein HTH showing the disposition of the various side chains. The models obtained with Cro or CAP are virtually superimposable. The CAP-substituted model is shown in Fig. 5 , with the side chains of R484, H494, T495, N499, and R502 highlighted. As can be seen, the side chains of R484 and H494 lie close to each other; the side chains of T495, N499, and R502 can also be seen directed toward the same face. If the TyrR-CAP model is positioned next to the DNA of a TyrR box, hydrogen bonds can be formed between the epsilon amino group of R484 and the N7 of guanine and between a ring nitrogen of H494 and the O6 of the same guanine.
Some interesting parallels can be drawn with the published structure of the PurR repressor, where it has been shown that a histidine in helix 2 and an arginine in the loop following that helix can interact in an interesting way (33) . Van der Waals forces between the histidine imidazole ring and the side chain of arginine are postulated to position the guanidino nitrogen atoms to donate hydrogen bonds to the N7 and O6 acceptors of the guanine at position 4 (33). Our own results suggest that N7 of the invariant guanine at position 8 of the tyrP operator must play an important role in any reactions with TyrR. In the case of the pur regulon, the guanine at position 4 is absolutely conserved in the various pur operators and is the only one to show methylation interference sensitivity.
The first helix of the DNA-binding motif of TyrR is highly homologous to that of TetR, and residues at positions 1, 2, 3, 4, 5, and 8 are identical between the two proteins. The arginine residue at position 2 of the first helix of TetR has been postulated to form two hydrogen bonds with a guanine at position 2 of the TetR-binding site (6) . The N7 of this guanine is also protected against methylation by the binding of TetR (14) . The previously reported failure of TyrR mutants in which H494 had been replaced by phenylalanine, tyrosine, or leucine to repress genes of the TyrR regulon (40) supports the contention that the nitrogen in the imidazole ring of histidine plays an important role in protein-DNA interactions. We believe that the data in this paper support the hypothesis that the guanidino groups of arginine 484 and the imidazole ring of histidine 494 form critical bonds with the invariant bases (G ⅐ C)(C ⅐ G)8. Changing any of those three components completely destroys binding of repressor.
The amino acid in the lambda repressor which corresponds to R484 of TyrR is also an arginine. It has been shown that when this residue is replaced by lysine, it interacts with the phosphate backbone (24) . We have substituted lysine for R484, but the mutant protein has lost all repressor activity (data not shown). This result would favor the hypothesis of a specific interaction between R484 and guanine over a more nonspecific interaction with the phosphate backbone.
The mutants TA495, NA499, and RA502 show a 5-to 10-fold reduction in their ability to repress tyrP when the tyrR alleles (wild type and mutant) are present on plasmid pMU6218. It is possible that greater fold reduction may be seen at lower levels of TyrR protein, but these strains have not yet been constructed. Since we have previously shown that T495 can be replaced by serine without any reduction of repressor activity (40) , it seems likely that the hydroxyl of threonine is involved in the interaction with DNA. Other amino acids whose side chains appear to be vital for the binding of the TyrR protein to DNA such as I497, K500, and L501 are postulated to make vital contributions to the hydrophobic brace which positions the two helices of the HTH.
On the basis of work presented in this report, we propose that in binding to the strong box of tyrP, TyrR protein, as a dimer, forms essential and multiple hydrogen bonds between FIG. 5 . Hypothetical model of the TyrR HTH motif, showing that the side chains of R484, H494, T495, N499, and R502 protrude on the same face. R484 of helix 1, H494 of helix 2, and (G ⅐ C)(C ⅐ G)8 in both arms of the TyrR box. The distance between these G ⅐ C and C ⅐ G base pairs (14 bp) is also critical, as it has been frequently demonstrated that increasing or decreasing this distance destroys binding (5, 10) . Helix 2 of the HTH is predicted to lie along the major groove of the DNA so that the more distal amino acids T495 and N499 can interact with bases closer to the center of the palindrome.
